Idiopathic pulmonary fibrosis (IPF) is a chronic fibroproliferative pulmonary disorder for which there are currently no treatments. Although the etiology of IPF is unknown, dysregulated TGF-b signaling has been implicated in its pathogenesis. Recent studies also suggest a central role for abnormal epithelial repair. In this study, we sought to elucidate the function of epithelial TGF-b signaling via TGF-b receptor II (TbRII) and its contribution to fibrosis by generating mice in which TbRII was specifically inactivated in mouse lung epithelium. These mice, which are referred to herein as TbRII Nkx2.1-cre mice, were used to determine the impact of TbRII inactivation on (a) embryonic lung morphogenesis in vivo; and (b) the epithelial cell response to TGF-b signaling in vitro and in a bleomycin-induced, TGF-b-mediated mouse model of pulmonary fibrosis. Although postnatally viable with no discernible abnormalities in lung morphogenesis and epithelial cell differentiation, TbRII Nkx2.1-cre mice developed emphysema, suggesting a requirement for epithelial TbRII in alveolar homeostasis. Absence of TbRII increased phosphorylation of Smad2 and decreased, but did not entirely block, phosphorylation of Smad3 in response to endogenous/physiologic TGF-b. However, TbRII Nkx2.1-cre mice exhibited increased survival and resistance to bleomycin-induced pulmonary fibrosis. To our knowledge, these findings are the first to demonstrate a specific role for TGF-b signaling in the lung epithelium in the pathogenesis of pulmonary fibrosis.
Introduction
Excess or dysregulated TGF-β signaling is implicated in the pathogenesis of many diseases, including those of the lung. These range from adult pulmonary fibrosis to the neonatal chronic lung disease bronchopulmonary dysplasia (1) . Idiopathic pulmonary fibrosis/usual interstitial pneumonia (IPF/UIP) is a fibroproliferative disorder of unknown etiology characterized by progressive ECM deposition and remodeling by α-SMA-expressing myofibroblasts. Fibroblast accumulation progressively results in excessive scarring and changes in lung architecture leading to loss of lung function and death. Short of lung transplantation, there are currently no effective treatments for IPF. Although initially thought to result from mesodermal defects in repair following injury or viral infection, a new perspective on the pathogenesis of IPF includes a role for the lung epithelium (2) (3) (4) . In this paradigm, epithelial injury, through release of profibrotic mediators, is believed to set up a cascade of aberrant epithelial-fibroblast crosstalk reminiscent of abnormal wound healing (5) . Embedded in the notion of a role for epithelium in the pathogenesis of IPF is the possibility that, in addition to arising from resident lung fibroblasts, fibroblasts within fibrotic foci in IPF lungs could be derived from epithelial cells via the process of epithelial-mesenchymal transition, known as EMT (6, 7) . The mechanism and the extent to which this pathway contributes to IPF remain unknown, as are the inciting factors that lead to epithelial injury. One incontrovertible aspect of IPF pathogenesis is the involvement of dysregulated TGF-β signaling.
TGF-β ligands comprise a large family of structurally related growth and differentiation signaling factors (8) . Given both the specificity and versatility of its functions, the core of the TGF-β signal transduction pathway appears surprisingly simple. TGF-β functions by interacting with a heteromeric complex of transmembrane serine/threonine kinase receptors, the type I (TβRI) and the type II (TβRII) receptors. Stimulation by either activin or TGF-β leads to phosphorylation of transcription factors Smad2 and/or Smad3, which in turn associate and form a complex with Smad4 (8, 9) . This heteromeric complex translocates to the nucleus, where transcription of target genes is modulated via direct DNA binding or through interaction with promoterspecific transcription factors (10) .
Critical roles for TGF-β signaling have been found in both normal development and disease. For example, Tgfb2-null mice die perinatally, with developmental abnormalities in many organs including limbs, heart, and lungs (11) . Tgfb3 mutants also die perinatally due to lung dysplasia and cleft palate (12) . Conventional deletion of Smad2 causes embryonic lethality, whereas Smad3 -/-mice are born alive. The latter mice develop a pulmonary phenotype consistent with progressive emphysema (13) . Targeted deletion of Smad4 also causes a wide range of developmental abnormalities including defective prechordal plate, node, and notochord (14) . Finally, conventional deletion of both TβRI (Alk5) and TβRII causes early embryonic lethality, indicating their critical role in early embryogenesis, but precluding further investigation of their functions in later development and in adults (15) .
In animal models that are thought to mimic the process of human IPF, genetic approaches have identified specific components of the TGF-β pathway that may participate in lung fibrosis. For example, Smad3 -/-mice exhibit relative resistance to bleomycin-induced pulmonary fibrosis (13) . However, TGF-β signaling within the lung is confounded by the complexity of the highly specialized cell types and their specific responses to TGF-β. Components of the TGF-β pathway including Smads and the transmembrane receptors are expressed in both endodermal and mesodermal cell derivatives, or "compartments," of the lung. The extent to which TGF-β receptors within each compartment contribute to the specificity and versatility of signaling during embryonic and postnatal development remains unknown. Similarly, respective mesodermal or endodermal contribution of signaling through each of the TGF-β receptors to pulmonary fibrosis remains entirely unknown. In the current study, we used the endoderm-specific Nkx2.1-cre approach to inactivate TβRII specifically within the lung epithelial compartment. Surprisingly, epithelium-specific deletion of TβRII caused no discernible abnormalities during embryonic lung development. However, absence of epithelial TβRII activity in postnatal life was associated with nonprogressive emphysema. As inactivation of TβRII did not cause lethality, we were also presented with an opportunity to examine the role of endodermal TβRII in lung injury using a murine model of bleomycininduced pulmonary fibrosis. Importantly, endodermal loss of TβRII conferred partial protection against bleomycin-induced fibrosis, implying a central role for alveolar epithelium in development of fibrosis. To our knowledge, this is the first direct demonstration of a specific role for the lung endoderm-specific TGF-β signaling pathway in the pathogenesis of pulmonary fibrosis.
Results

Epithelial inactivation of TβRII by Nkx2.1-cre-driven recombination.
Previous studies have shown that conventional deletion of TβRII leads to early embryonic lethality (11) , while mesenchymal deletion of TβRII results in gross abnormalities of trachea and lung (16) . To study the role of TβRII specifically in lung epithelial cells, we crossed TβRII fl/fl females with Nkx2.1-cre male mice and backcrossed the heterozygotes to generate TβRII fl/fl ;Nkx2.1-cre (simply, TβRII Nkx2.1-cre ) progeny. Nkx2.1 encodes a key transcriptional regulator of lung morphogenesis whose onset of expression in the mouse occurs on day E9.5. The Nkx2.1-cre mouse line carries a BAC gene in which the sequences encoding the cre recombinase are inserted within the first 15 bp of Nkx2.1 exon 2 (17) . In Nkx2.1-cre;ROSA26-LacZ double-transgenic embryos, LacZ staining can be detected in the primordium of the lung in E11 mouse embryos ( Figure 1 , B and C). This staining is limited to the endodermally derived epithelial progenitor cells forming the primitive airways and the first branched structures of the embryonic lung ( Figure 1 ). Thereafter, LacZ can be found in all endodermally derived epithelial cells throughout lung development (18) . In postnatal lung samples, LacZ staining is found in the epithelium of the bronchoalveolar duct junction (arrowheads in Figure 1K ) as well as alveolar epithelial type II cells (arrows in Figure 1K ).
TβRII Nkx2.1-cre mice were postnatally viable and fertile. Regular mating consistently produced progeny at expected Mendelian ratios. Nkx2.1-cre-induced lung deletion of TβRII exon 2 was validated by PCR analysis of genomic DNA from lung and other organs (control) of transgenic mice. A PCR product that indicated deletion of exon 2 was amplified from DNA extracted from TβRII Nkx2.1-cre lungs, but not from DNA obtained from other tissues, including the heart, where Nkx2.1 is not expressed ( Figure 2B ).
TβRII protein was examined by immunohistochemistry in TβRII fl/fl and TβRII Nkx2.1-cre lungs. Immunostaining was found primarily in cells that appeared to have characteristics of alveolar type II cells in the lungs of control TβRII fl/fl mice ( Figure 2C ). In contrast, little to no detectable immunoreactivity for TβRII was present in TβRII Nkx2.1-cre lungs ( Figure 2D ). Western blot analysis was used to measure steady-state levels of TβRII protein and those of downstream targets of TGF-β signaling in mutant and control lungs. In total lung, the level of TβRII was reduced by approximately 70% compared with controls ( Figure 2, E and F) . Levels of total and phosphorylated Smad2 (p-Smad2) and p-Smad3, as well as p-ERK
Figure 1
Epithelial specificity of recombination induced by Nkx2.1-cre in organs of double-transgenic Nkx2.1-cre;Rosa26R mice. LacZ staining was observed in the brain (arrowheads) and thyroid primordium (arrows) in E9.5 embryos (A). Nkx2.1-cre-mediated recombination in the lung was first visible in E11 lungs (arrow in B and outlined in C). In E13, E15, and E17 embryonic lungs, LacZ staining was restricted to epithelial cells in the lung (D, F, G, I , and J), but was also expressed in the tracheal epithelium (E and H). In Pn7 neonates (K), LacZ staining was localized to the bronchoalveolar duct junction (arrowheads) and alveolar type II cell progenitors (arrows). Scale bar: 2 mm (B and G); 800 μm (A and D); 400 μm (H and J); 200 μm (E); 100 μm (F, I, and K); and 40 μm (C).
were also measured. Compared with controls, total Smad2 protein remained unchanged in the mutant lungs ( Figure 2 , G and H). However, Smad3 and its activated form (p-Smad3) were both decreased, whereas p-Smad2 was increased in TβRII Nkx2.1-cre lungs (Figure 2 ). In addition, there was increased activation of ERK in the TβRII Nkx2.1-cre lungs compared with TβRII fl/fl controls ( Figure 2 , I and J).
We also examined the TGF-β pathway and its response to recombinant TGF-β treatment in isolated type II cells (Figure 3 ). Western blot analysis of total proteins from TβRII Nkx2.1-cre type II cells showed more than 70% reduction in the abundance of TβRII protein, when compared with TβRII fl/fl type II cells (Figure 3, A and B) . In contrast to total lung (as shown in Figure 2 ), the abundance of Smad2 or Smad3 proteins was not discernibly changed, with or without treatment with recombinant TGF-β ( Figure 3, C and D) . However, phosphorylated Smad2 was reduced in untreated TβRII Nkx2.1-cre alveolar type II cells, whereas phosphorylated Smad3 was only faintly detectable on the Western blot in either mutant or control type II cells. Treatment with TGF-β increased both phosphorylated Smad2 and Smad3 in the mutant type II cells, but compared with the controls, the response, particularly for p-Smad3, was blunted ( . The magnitude and distribution of Sp-C and T1-α, markers respectively of type II and type I cells, were also unchanged, indicating preservation of number and distribution of specialized alveolar epithelial cell types in TβRII Nkx2.1-cre lungs. Thus, lung epithelial cell differentiation does not appear to be dependent on epithelial TβRII signaling.
As we observed in vivo changes in the components of the TGF-β signal transduction pathway, particularly in Smad2 and Smad3, described above, it became logical to examine the impact of epithelium-specific TβRII deletion on select known targets of TGF-β. Surprisingly, real-time PCR analysis revealed a complex and mixed response of TGF-β target genes, which encode components of the ECM. Thus, fibronectin 1 and collagen 3a1 were significantly increased in mutant lungs. In contrast, collagen 1a1 (Col1a1), Col4a1, and α-SMA remained unchanged ( Figure 4H ). Potential alterations in expression of metalloproteinases and their tissue inhibitors were also interrogated. Although expression of connective tissue growth factor (Ctgf), plasminogen activator inhibitor-1 (Pai1), Mmp2, Mmp9, and tissue inhibitor of metalloproteinase 2 (Timp2) was unchanged, transcripts for Mmp12 and Timp1 were increased several fold ( Figure 4I ).
TβRII Nkx2.1-cre mice exhibit relative resistance to bleomycininduced lung injury. Adenoviral overexpression of TGF-β induces pulmonary fibrosis (19) . Additionally, TGF-β is a key mediator of EMT, a process by which epithelial cells may contribute to pulmonary fibrosis (20) . Epithelium-specific deletion of TβRII and the postnatal viability of mutant mice presented a unique opportunity to examine what role, if any, TGF-β signaling, specifically via epithelial TβRII, may have in a murine model of pulmonary fibrosis. Bleomycin was administered at 2 U/kg intratracheally (i.t.) to a group of 2-month-old TβRII Nkx2.1-cre and TβRII fl/fl control mice. Intratracheal administration of bleomycin caused lethality in 75% of control mice by day 16. Remarkably, all mutant mice survived the treatment ( Figure 5A ). Because of this differential survival rate, we next examined the impact of intranasal (i.n.) administration of bleomycin. This mode of delivery caused less severe injury and allowed survival of control mice and hence their analysis. Following i.n. administration of bleomycin, weight loss, a normal occurrence following bleomycin exposure, was monitored at regular intervals. Initially, weight loss was similar in the 2 groups. Within the first 5 days, however, while TβRII Nkx2.1-cre mice began to recover, TβRII fl/fl control mice continued to lose weight. Between day 2 and day 13 of the study, there was a significant difference between the 2 groups of mice, with more rapid stabilization of weight for TβRII Nkx2.1-cre mice. By day 13, the TβRII fl/fl mice in the control group had recovered to the level of the mutant mice ( Figure 5B ).
On day 14 following i.t. bleomycin administration (1.3 U/kg), we obtained total lung lavage and measured protein concentration to determine the extent of injury and epithelial permeability. We found significantly lower permeability in the TβRII Nkx2.1-cre lungs when compared with TβRII fl/fl lungs ( Figure 5D ). Consistent with the latter results, measurement of lung compliance after 14 days of exposure to bleomycin also showed significant differences between TβRII Nkx2.1-cre and TβRII fl/fl control mice ( Figure 5C ). Histology of the TβRII fl/fl lungs on day 21 following bleomycin administration showed extensive, focalized, and heterogeneous dense interstitial fibrosis in paraseptal regions ( Figure 6A ). In contrast, only a few small and isolated fibrotic foci were observed in the TβRII Nkx2.1-cre lungs ( Figure 6B ). Deposition of collagen, a key feature in bleomycin-induced pulmonary fibrosis, was assessed by two different methods. First the amount of collagen deposited was examined by trichrome staining after 21 days of injury (Figures 6, C and D) . Second, soluble collagen content was measured in total lung homogenates at 14 days after injury (1.3 U/kg). As shown in Figure 6E , compared with saline controls, the mutant lungs showed less collagen deposition in response to bleomycin by Sircol assay when compared with TβRII fl/fl controls.
In addition, analysis of apoptosis within the fibrotic foci by TUNEL staining revealed a significant difference between TβRII Nkx2.1-cre and TβRII fl/fl lungs. There was nearly a 3-fold increase Attenuated response to bleomycin in TβRII Nkx2.1-cre lungs. Fibroblast-specific protein 1 (FSP1) and α-SMA are increased in both IPF and bleomycin-induced pulmonary fibrosis (21, 22) . Using immunohistochemistry and Western blot analysis, protein levels for α-SMA and FSP1 were examined in mutant and control lungs ( Figure 7, A-F) . Based on Western blot results normalized to lamin A/C, both FSP1 and α-SMA were significantly reduced by nearly one-half in the mutant lungs, compared with TβRII fl/fl controls. To assess the impact of bleomycin treatment, we also measured by real-time PCR the mRNA level for α-SMA and a number of profibrotic mediators that included fibronectin and collagens. Compared with controls, fibronectin and α-SMA mRNA levels were markedly reduced in the mutant lungs ( Figure  7G ). Real-time PCR quantification of mRNA measurement was also applied for Mmps and their tissue inhibitors (Timps) and the TGF-β targets Pai1 and Ctgf, as they are known to contribute to development of pulmonary fibrosis (23, 24) . Relative expression of mRNA for each gene in the injured lungs, normalized to the value found in uninjured lungs, for mutant and control mice are plotted and shown in Figure 7H . Whereas changes in Ctgf and Pai1 were negligible, Mmp2, Mmp12, and Timp1 were significantly lower and Timp2 was higher in the mutant mouse lungs versus the controls. In addition, a similar pattern of Mmp12 response was observed in lung macrophages (data not shown).
While the bleomycin injury model allowed an indirect approach to examine the impact of epithelium-specific TβRII deletion on the response of the lung tissue to TGF-β-mediated injury, we also examined the response of isolated alveolar type II cells to direct stimulation by recombinant TGF-β. Consistent with the observation in total lungs, Ctgf, Pai1, Mmp12, and Timp1 values, compared with controls were greater in the TβRII Nkx2.1-cre alveolar type II cells, with the latter two reaching statistical significance ( Figure 8A, asterisks) . With TGF-β treatment, Ctgf and Pai1 mRNAs increased more than 2-fold in TβRII fl/fl type II cells. In contrast, Ctgf and Pai1 mRNAs in TβRII Nkx2.1-cre cells were unresponsive to TGF-β treatment. After 1 hour of TGF-β treatment, Mmps and Timps slightly increased in the control cells (values above unity). Remarkably, similar treatment with TGF-β resulted in decreased mRNA for Mmp12 and Timp1 in isolated TβRII Nkx2.1-cre alveolar type II cells ( Figure 8B ).
Discussion
The goal of the present study was to define the precise role of epithelial TβRII signaling in lung development and disease. In the lung, the role of specific receptors is complicated by the heterogeneity of cell types thought to exceed 40 varieties derived from both the embryonic endoderm and mesoderm. Using the endoderm-specific Nkx2.1-cre, we deleted exon 2 of TβRII specifically in lung epithelial progenitors. Surprisingly, epithelial inactivation of TβRII exon 2 did not alter the course of embryonic lung development as TβRII Nkx2.1-cre mutant pups were born alive and showed no signs of respiratory distress. Interestingly, however, after 8 weeks of life, TβRII Nkx2.1-cre lungs exhibited distinct but mild signs of airspace enlargement associated with reduced phosphorylation of Smad3 (Figure 2 ). Mice carrying a null Smad3 allele also develop alveolar instability manifested as emphysema/alveolar enlargement (13) . In Smad3 -/-mice, steady-state mRNA for the metalloproteinase Mmp12, known to be negatively regulated by TGF-β, was significantly increased (13) . Similarly, Mmp12 mRNA was significantly increased in TβRII Nkx2.1-cre mutant lungs in association with decreased p-Smad3 (Figure 4) . Parallel changes in MMP-12 and p-Smad3 were also found in isolated TβRII Nkx2.1-cre type II cells, suggesting that the observed phenotype was the direct result of alterations within the epithelium and downstream of TβRII. MMP-12 is considered an etiologic mediator of emphysema (25) . Targeted deletion of Mmp12 alone protects from cigarette smoke-induced emphysema (26) , while in a porcine model, an Mmp-9/12 inhibitor substantially ameliorates morphological emphysema (27) . The results of the current study establish a functional link between TβRII, Smad3 activation, and regulation of Mmp-12 in the maintenance of alveolar stability, a finding with potential therapeutic implications.
Unexpectedly, epithelium-specific inactivation of TβRII caused hyperphosphorylation of Smad2 and ERK in total lung. However, hyperphosphorylation of neither Smad2 nor of ERK1/2 was observed in isolated TβRII Nkx2.1-cre alveolar type II cells (Figure 3 ). Thus, increased activation of the Smad2 and ERK1/2 pathways, observed exclusively in total TβRII Nkx2.1-cre lungs, is likely of mesodermal origin, a cell type that is not a target of Nkx2.1-cre and in which the TβRII locus remains intact. This possibility was further validated by double immunodetection of Nkx2.1 and p-Smad2 in lung tissue, demonstrating an increase in p-Smad2 in cells not labeled by the Nkx2.1 antibody (Supplemental Figure 2) . Implicit in this observation is the interesting possibility that epitheliumspecific inactivation of TβRII may, by an as-yet-unknown epithelialmesenchymal crosstalk, elicit a (hyper?)compensatory mesenchymal response. Although the latter possibility requires further investigation, in a separate study, dermal fibroblast-specific deletion of TβRII interrupted mesenchymal-epithelial interactions and hence severely impeded re-epithelialization of skin wound repair (28) .
In isolated TβRII Nkx2.1-cre alveolar type II cells, TβRII protein was decreased by more than 70%, the residual potentially reflecting either incomplete Nkx2.1-cre-driven recombination or contaminating mesenchyme, the latter being unlikely, as cell purity normally exceeded 90%. In the mutant type II cells, steady-state levels of total Smad2 and Smad3 were unchanged (Figure 3) . Whereas basal levels of p-Smad3 were nearly undetectable, Smad2 was clearly phosphorylated in both control and TβRII Nkx2.1-cre type II cells, albeit at lower levels in the mutant cells. TGF-β treatment elicited phosphorylation of Smad2 and Smad3 in both control and mutant type II cells, although the magnitude of response, particularly for Smad3, in mutant cells was blunted (Figure 3 ). Whether residual TβRII in the mutant cells, due to incomplete Nkx2.1-cre recombination activity, accounted entirely for activation of Smad2 and Smad3 in response to TGF-β is unlikely but remains a possibility. In contrast to the present findings, Smad2 phosphorylation in response to TGF-β treatment was entirely absent in TβRII-deleted dermal fibroblast explants (28) , raising the alternate possibility that the mechanisms of TGF-β signal transduction in the absence of TβRII may be different in cells of endodermal versus mesodermal origin. Surprisingly, total collagen content under steady-state conditions was greater in mutant lungs compared with controls. Real-time PCR of mRNA for ECM proteins showed significantly increased Col3a1 and fibronectin in TβRII Nkx2.1-cre lungs (Figure 4 ). Yet examination of TβRII Nkx2.1-cre lungs in mice at 8 weeks of age revealed no signs of fibrosis, indicating that increased collagen in the mutant lungs does not cause progressive fibrosis and as discussed above is associated with airspace enlargement and emphysematous changes. Similarly, mice carrying epithelium-specific deletion of α3β1 integrin have increased baseline collagen IV but are protected against bleomycin-induced fibrosis (6) . Also, in contrast to Smad3 -/-mice in which alveolar destruction is progressive (13), we found no evidence of progressive emphysema in TβRII Nkx2.1-cre mice after 11 months of age (data not shown). This difference may relate to baseline developmental abnormalities of insufficient lung alveolization observed in Smad3 -/-animals (29), which although mild, might presumably predispose to a more severe adult phenotype. A possible explanation for the increased basal collagen and ECM content in TβRII Nkx2.1-cre lungs may be the increased activation of both the Smad (p-Smad2) and the non-Smad (p-ERK) TGF-β signal transduction pathways in the mesenchyme of the mutant lungs (Figure 2 and Supplemental Figure 2 ). Stimulation of collagen I synthesis by TGF-β has been found to require activation of ERK1/2 (30) .
TβRII Nkx2.1-cre mice exhibited a remarkable degree of resistance to TGF-β-mediated bleomycin lung injury relative to the TβRII fl/fl and wild-type controls. First, i.t. administered bleomycin, which resulted in nearly 100% lethality in the control mice, was well tolerated without mortality in TβRII Nkx2.1-cre mice ( Figure 5 ). This is strong physiologic evidence that abrogation of epithelial TβRII function provides effective protection against bleomycin lung injury and the consequent pulmonary fibrosis. Second, a less injurious bleomycin regimen (i.n. delivery) caused only minor fibrotic lesions in the TβRII Nkx2.1-cre lungs, compared with TβRII fl/fl controls ( Figure  6 ). From a physiological standpoint, lung function in the mutant mice was remarkably preserved, reflected in significantly lower epithelial permeability and better compliance measures compared with controls. These findings are consistent with the previous study by Pittet et al. (31) implicating TGF-β in bleomycin-induced increases in epithelial permeability and demonstrating that inhibition of TGF-β signaling protected mice from pulmonary edema due to bleomycin. Our results confirm and extend the previous findings of Pittet et al. by identifying TβRII as the receptor mediator of the impact of TGF-β on epithelial permeability.
Although the precise mechanism underlying the protective effects of epithelium-specific deletion of TβRII remains to be determined, the following may provide a plausible explanation. First, the absence of Smad3 has been linked to protection against bleomycin. In TβRII Nkx2.1-cre lungs, activation of this pathway is clearly blunted (Figure 2 ). TGF-β is a known mediator of cellular apoptosis (32) and EMT (7), both of which feature prominently in the epithelial abnormalities and defective repair that characterize bleomycin-induced pulmonary fibrosis (33) . Reduced signaling via Smad3 in the epithelium may result in improved epithelial cell survival and/or inhibition of EMT. A possible role for the epithelium in pulmonary fibrosis was originally suggested by the observation that epithelial injury and blunted repair in mouse lung explants was sufficient to promote fibrosis in the absence of inflammation, and that the presence of an intact epithelium suppressed fibroblast proliferation and matrix deposition (2, 34) . Epithelial injury of unknown cause is postulated to play a central role in disease pathogenesis through release of mediators that lead to fibroblast activation and matrix deposition analogous to abnormal wound healing. In addition, recent studies indicating that alveolar epithelial cells undergo EMT in response to TGF-β in vitro (7) and in vivo (6) and that colocalization of epithelial and mesenchymal markers in hyperplastic type II cells in IPF lung tissue suggest that alveolar epithelial cells may also contribute directly to fibroblast accumulation through EMT. Although the issue of EMT in vivo was not specifically addressed in the present study, preliminary work indicates that isolated TβRII Nkx2.1-cre type II cells are resistant to TGF-β-induced EMT in vitro (data not shown). Within the fibrotic foci, TUNEL assays indicated an increase in apoptosis in cells that were further found to have fibroblastic characteristics (data not shown). These findings support the notion that improved epithelial survival associated with epithelium-specific deletion of TβRII in mutant mice may limit fibrogenesis by opposing fibroblast proliferation/survival and increasing fibroblast apoptosis. Consistent with this possibility, Smad3 -/-animals also showed increased resistance to radiationinduced cell death (35) . Increased p-Smad2 may also explain the observed relative resistance to bleomycin in TβRII Nkx2.1-cre lungs, as it has been shown that deletion of Smad2 promotes fibrosis (36) . The precise mechanism remains entirely unknown.
A third possible mechanism for the observed protection against bleomycin-induced fibrosis in TβRII Nkx2.1-cre mice is based on the analysis of the ECM, metalloproteinases, and their inhibitors.
Metalloproteinases are thought to mediate tissue damage and matrix remodeling (37) (38) (39) . The steady-state levels of both Mmp12 and Timp1 were increased in TβRII Nkx2.1-cre lungs (Figure 4 ). We propose a "homeostatic balance" model to explain the observed protection against bleomycin in the mutant lungs. This model is based on the principle that the key factor in the etiology of fibrosis may not necessarily be the absolute level of each component, but rather the balance among ECM, metalloproteinases, and their inhibitors. In the mutant lungs, steady-state levels of ECM, metalloproteinases, and their inhibitors were all increased, therefore constituting a homeostatic balance. This balance also exists in the control lungs, albeit at lower levels. The key difference between the control and the mutant lungs is the manner in which each responded to bleomycin injury. In the control, we observed a robust increase, by several fold, in fibronectin, metalloproteinase, and Timp levels, creating a non-homeostatic environment. In comparison, the response in the mutant lungs was minimal. Thus, the overall "balance" of ECM, metalloproteinases, and Timps in the mutant versus control animals may create an environment less likely to promote excessive matrix deposition and fibrosis. It should be noted that the function of Mmps is complex, as these molecules may have additional effects besides matrix degradation and remodeling, including a role in release of growth factors from cell membranes, cleavage of growth factor receptors from cell surface, and activation of other Mmps.
Emphysema and fibrosis have been typically regarded as different disorders, although both may represent context-dependent host responses to inflammation/injury. However, the mechanisms that mediate these differing host responses are poorly understood, particularly since matrix-associated genes and collagen expression may be altered in both disorders. Signaling through Smad3 appears to be absolutely required for progression to fibrosis (13). As mentioned above, inactivation of signaling via Smad3 is protective against fibrosis but has been associated in a number of studies including the current one with the development of an emphysema phenotype (13) . In the absence of Smad3, progression to fibrosis is prevented, and there is a smaller increase in protease inhibitors, suggesting that even if matrix were deposited, it would be readily digested (13) . In the current study, although there was an increase in baseline Mmp12 and following injury, there was also a marked increase in baseline Timp1, suggesting a mechanism for increased collagen III at baseline. However, collagen deposition was not progressive, and animals developed emphysema, suggesting that in an environment where Smad3 activation is reduced, over time, the balance of MMPs versus TIMPs favors matrix degradation. This suggests that while inhibition of Smad3 signaling may be protective against fibrosis, some level of Smad3 signaling may be necessary to prevent matrix degradation by Mmps in the course of normal cellular maintenance and repair. However, in response to injury, inhibition of Smad3 signaling appears to in fact prevent excess matrix accumulation, perhaps by limiting induction of TIMPs and creating an environment that on balance favors matrix degradation. An interesting study by Niewoehner et al. demonstrated that the response to CdCl2 injury, i.e., fibrosis versus emphysema differed depending on whether the capacity to synthesize connective tissue was prevented (40) . These findings suggest that while Smad3 is required for progression to fibrosis, the precise balance of matrix degrading versus protease inhibitory enzymes as well as levels of matrix-associated genes expressed may determine the ultimate outcome and response to injury.
In summary, the results demonstrate for the first time to our knowledge that epithelial TGF-β signaling via TβRII contributes to pulmonary fibrosis and identify this receptor as a target for potential rational therapeutic strategies.
Methods
Animals. Nkx2.1-cre, Rosa26-lacZ, and TβRII fl/fl mice have been previously described (17, (41) (42) (43) and were maintained on the C57BL/6 genetic background. To generate TβRII fl/fl ;Nkx2.1-cre (TβRII Nkx2.1-cre ) embryos, we crossed TβRII fl/+ ;Nkx2.1-cre mice with TβRII fl/fl mice. Nkx2.1-cre;Rosa26-lacZ mice were generated by breeding Nkx2.1-cre and Rosa26-lacZ mice.
Detection of β-galactosidase activity. β-Galactosidase (LacZ) activity in embryonic lungs was determined by whole mount X-gal staining as described previously (44) , and lungs were then sectioned with a cryomicrotome. Lungs of postnatal day 7 (Pn7) mice were perfused and fixed in 4% PFA for 30 minutes at 4°C. Lungs were embedded in OCT and sectioned by cryomicrotome, and frozen sections were washed with PBS and stained for LacZ activity.
Bleomycin injury. Mice (6-8 weeks old) were anesthetized with ketamine and xylazine and administered i.t. (1.3-2 U/kg) or i.n. (6 U/kg) injections of bleomycin (bleomycin injectable, treatment grade) or sterile saline. Mice were sacrificed for analysis 14 and 21 days after administration of bleomycin. Animal usage and bleomycin protocols for these studies were approved by the Institutional Animal Care and Use Committee of the USC Keck School of Medicine.
Morphological analysis. Adult lungs were perfused and fixed in 4% PFA and processed into serial paraffin sections using routine procedures. H&E staining was performed on 5-μm sections. Quantitative morphological analyses were performed using 3 morphometric parameters: mean linear intercept, mean size, and mean number of alveolar spaces. From each lung specimen, mean linear intercept was measured on 5 representative slides of each sample as previously described (45) . Mean size and mean number of alveolar spaces were calculated with the same slides by using ImageJ software provided by the NIH.
Immunohistochemistry. Samples were fixed in 4% PFA and processed into serial paraffin sections using routine procedures. Tissue sections (5 μm) were deparaffinized and rehydrated in xylene, heated in 10 mM citrate buffer (pH 6.0), treated with 1% H2O2 in methanol for 10 minutes, and blocked with 5% normal serum. For immunohistochemistry, sections were incubated with primary antibodies at 4°C overnight. After incubation with secondary antibody for 1 hour at room temperature, an avidin-biotin complex method was used to detect bound antibodies (Invitrogen).
For immunofluorescence staining, FITC-conjugated horse anti-mouse, FITC-conjugated donkey anti-rabbit, FITC-conjugated goat anti-hamster, Cy3-conjugated goat anti-mouse, and Cy3-conjugated donkey anti-rabbit antibodies (Vector Laboratories) were applied to sections for 1 hour at room temperature. Sections were preserved in VECTASHELD mounting medium with DAPI to visualize nuclei. Primary antibodies used were: rabbit anti-Nkx2.1, rabbit anti-SP-C and rabbit anti-SP-B (Seven Hills Bioreagents), rabbit anti-TβRII (Abcam), mouse anti-α-tubulin (Invitrogen), goat anti-CC10 (Santa Cruz Biotechnology Inc.), and hamster anti-T1-α (obtained from the Developmental Studies Hybridoma Bank).
TUNEL assay. Apoptotic cells were detected by using TUNEL detection kit (In Situ Cell Death Detection Kit, Roche Applied Science). Briefly, tissue sections were deparaffinized, rehydrated, and washed with distilleddeionized water. After treatment with proteinase K, fragmented DNA was labeled with fluorescein-dUTP, using terminal transferase. Slides were mounted with DAPI containing Vectashield. Sections were analyzed using a fluorescence microscope (Carl Zeiss Meditec) and a fluorescence detection system (OPTI-QUIP). The apoptotic percentage was obtained by manual counting of TUNEL + cells in groups of 4,000 or more cells.
